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Abstract—ALOHA-type protocols became a popular solution
for distributed and uncoordinated multiple random access in
wireless networks. However, such distributed operation of the
Medium Access Control (MAC) layer leads to sub-optimal utiliza-
tion of the shared channel. One of the reasons is the occurrence of
collisions when more than one packet is transmitted at the same
time. These packets cannot be decoded and retransmissions are
necessary. However, it has been recently shown that it is possible
to apply signal processing techniques with these collided packets
so that useful information can be decoded. This was recently
proposed in the Irregular Repetition Slotted ALOHA (IRSA),
achieving a throughput T � 0.97 for very large MAC frame
lengths as long as the number of active users is smaller than the
number of slots per frame. In this paper, we extend the operation
of IRSA with i) an iterative physical layer decoding processing
that exploits the capture effect and ii) a Successive Interference
Cancellation (SIC) processing at the slot-level, named intra-slot
SIC, to decode more than one colliding packet per slot. We
evaluate the performance of the proposed scheme, referred to as
Extended IRSA (E-IRSA), in terms of throughput and channel
capacity. Computer-based simulation results show that E-IRSA
protocol allows to reach the maximum theoretical achievable
throughput even in scenarios where the number of active users is
higher than the number of slots per frame. Results also show that
E-IRSA protocol signiﬁcantly improves the performance even for
small MAC frame lengths used in practical scenarios.
Index Terms—random access protocols, slotted ALOHA, ir-
regular repetition slotted ALOHA, bipartite graphs, capture
effect, intra-slot interference cancellation, successive interference
cancellation, collision resolution, iterative decoding.
I. INTRODUCTION
Uncoordinated Medium Access Control (MAC) protocols,
such as ALOHA or Carrier Sensing Multiple Access (CSMA),
are used in today’s communication networks due to their
capability for managing the access to a shared communication
channel in a distributed manner. A clear example is the
operation of the Random Access Channel (RACH) of LTE
which consists in a framed slotted ALOHA scheme where slots
represent orthogonal preambles, which users use to contend for
the access to the resources [1].
Despite the congestion problems that these protocols suffer
from in highly dense networks, they are still the best solu-
tions available for completely distributed access in wireless
networks. There are many scenarios where centralized-based
access is not possible due to the long propagation delays
(e.g. satellite communications) or due to scalability issues
when the number of contending devices is extremely high and
unpredictable, e.g. Machine-to-Machine (M2M) networks.
Therefore, when it comes to highly dense dynamic net-
works, random-based distributed protocols are the only viable
solution known to date. It has been proven in the literature
that, among the existing alternatives, frame-based ALOHA-
type protocols can perform best when optimally conﬁgured.
However, the high probability of collision will still yield low
performance. To overcome this limitation, the use of Succes-
sive Interference Cancellation (SIC) techniques is becoming
a hot topic in the area of MAC design. The combination of
the MAC layer with SIC techniques, traditionally employed
at the PHY layer for coding purposes, is deemed to lead a
major breakthrough in the performance of MAC protocols by
turning collisions into useful information.
Recently, approaches based on multiple packet transmission
[2] and iterative interference cancellation (IC) [3], [4] have
shown to yield dramatic performance improvements in terms
of throughput with respect to previous existing solutions.
The Contention Resolution Diversity Slotted ALOHA
(CRDSA) protocol proposed in [3] was the ﬁrst ALOHA-
based protocol providing the adoption of SIC techniques
for resolving collisions. More speciﬁcally, each packet is
transmitted in two different randomly selected slots within a
MAC frame. Even though this approach apparently increases
the network load, it provides time-domain diversity through
the transmission of a redundant copy of each packet. The
replicas of each packet possess a pointer to the slot where
the other replica was sent. Whenever a packet is successfully
decoded, the pointer is extracted and the interference contri-
bution caused by the twin replica on the corresponding slot
is removed. The procedure is iterated, eventually permitting
the recovery of the whole set of packets transmitted within
the same frame. CRDSA achieves a maximum throughput,
deﬁned as probability of successful packet transmission per
slot, of T � 0.55, while the peak throughput for Framed
Slotted ALOHA is just T � 0.37.
The CRDSA protocol was later generalized in [4], allowing
users to transmit more than 2 copies of the same packet per
frame. In particular, the actual number of packet replicas is
drawn from a probability mass function, referred to as degree
distribution [4], that is optimized to achieve the maximum
supportable load on the shared medium. Since the number
of transmitted replicas is different from user to user, this
scheme is dubbed Irregular Repetition Slotted Aloha (IRSA).
In [4], the operation of IRSA is described by borrowing
concepts from graph codes such as belief propagation on a
packet level for resolving collisions. It provides a bipartite
graph representation allowing a fast analytical characterization
of the IRSA performance. The convergence analysis of the
SIC process shows that IRSA provides a throughput equal to
T � 0.97 if a suitable degree distribution is selected and as
long as the number of available slots is greater than the number
of contending devices. Despite these promising performance
ﬁgures, IRSA cannot perform optimally when the number of
devices is greater than the number of slots. This behavior
can represent a boundary in scenarios suffering of channel
overload problems such as M2M networks where a massive
number of devices limits its application in realistic scenarios.
This is the main motivation for the work presented in this
paper, where we propose an extension of IRSA, referred to as
Extended IRSA (E-IRSA), which can operate excellently even
when the number of devices is above the number of available
slots per frame. In the proposed scheme, the receiver attempts
to recover as many data packets as possible for each single
slot exploiting the capture effect, which enables to decode
those packets received with the strongest signal in a given slot.
Whenever a packet is decoded, its interference contribution is
subtracted ﬁrst from the overall signal received in that slot,
i.e., intra-slot SIC, and then, as well as in IRSA, from signals
received in the slots where the related packet replicas have
been also transmitted, i.e., inter-slot SIC.
In summary, E-IRSA extends IRSA in two ways: (i) it
applies iterative physical-layer decoding that exploits the cap-
ture effect in order to decode more than one data packet per
slot, and (ii) it applies intra-slot SIC, in order to increase the
decoding probability of the next colliding packets.
This extension has been motivated by the promising results
published in [5] and [6]. The work in [5] presents a theo-
retical study on a generalized IRSA scheme assuming that
the receiver is capable of decoding multiple colliding packets
jointly using multiuser detection (MUD) techniques in systems
adopting code-division multiple access (CDMA).
In its turn, the work in [6] describes a practical imple-
mentation of a further generalization of IRSA, the so-called
Coded Slotted Aloha (CSA) [7], where several options for
decoding more than one packet per slot in case of collision
are considered. This work relies on concepts from physical
layer network coding (PNC) [8], [9], and MUD and it also
shows how it is possible to perform intra-slot SIC removing
one or more packets from the overall signal received in a slot.
The rest of the paper is organized as follows. Section II
introduces the system model and notations of E-IRSA. The
description of the proposed collision resolution scheme is then
provided in Section III. Simulation results are provided in
Section IV. Finally, Section V concludes the paper.
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Fig. 1. An example of MAC frame composed by n slots, with m active users
adopting IRSA protocol to transmit their packets.
II. SYSTEM MODEL AND NOTATION
We consider a network composed by one receiver (also
referred to as coordinator) and m devices (also referred to as
users) located at one-hop distance from the coordinator, form-
ing a star topology. Every user is frame- and slot-synchronous,
and has only one data packet (also referred to as burst or
message) ready to transmit to the coordinator, per MAC
frame. The latter is divided into n slots of equal length. The
transmission of a packet takes at most one slot. According to
[4], each of them users performs a random number of replicas
of the same packet, referred to as repetition rate, selected by
a probability mass function we dubbed degree distribution.
Furthermore, the users transmit in randomly selected slots and
without performing carrier sensing. Hence, each slot can be
in one of three states: (i) empty, i.e., no user has transmitted
in the slot; (ii) clean, i.e., one user has transmitted in the
slot; or (iii) collision, i.e., more users have transmitted in the
same slot. As introduced by [4], the IRSA operation can be
described by a bipartite graph G = (U, S,E) consisting of
a set U of m user nodes, i.e., one for each packet that is
transmitted, a set S of n sum nodes, i.e., one for each slot
in the MAC frame, and a set E of edges. An edge connects
a user node (UN) ui ∈ U to a sum node (SN) sj ∈ S if
and only if a replica of the i-th packet is transmitted in the
j-th slot. Loosely speaking, UNs correspond to packets, SNs
correspond to slots, and each edge corresponds to a packet
replica. Hence, a packet with l replicas is represented by a UN
with l neighbors. A slot where l replicas collide corresponds
to a SN with l connections. The number of edges connected to
a node is referred to as the node degree. In Fig. 1 an example
of IRSA MAC frame is displayed while Fig. 2 shows the
corresponding bipartite graph model.
We deﬁne the logical system trafﬁc load G as the average
number of packet transmissions per slot and it is given by
G = m/n. It provides a direct measure of the trafﬁc handled
by the scheme in contrast with the physical system load,
which also takes in account the replicas. We also deﬁne the
throughput T as the average number of successful packet
transmission per slot and it is given by T = G(1 − PL)
where PL is the probability that a transmission attempt does
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Fig. 2. Bipartite graph model corresponding to the above MAC frame status.
not succeed, referred to as burst loss probability. Hence,
throughput performance depends on G, PL and accordingly
on the variable repetition rate selected by the user. It measures
the number of received packets per slot and can assume values
greater than one due to the capability of receiver to decode
more than one packet per slot. It is worth noticing that, this
new deﬁnition of throughput is a generalization of that one
provided by [4], i.e., the probability of successful packet
transmission per slot. The channel is modelled as block fading,
where the fading coefﬁcient h follows a Rayleigh distribution
with h ∼ CN (0,√SNR). It is constant during one slot, but
it can vary user by user and slot by slot. The packet of the
generic user k ∈ 1, 2, ...,m is denoted as uk. Every packet
is coded using a linear block code of length CL and rate R.
The corresponding codeword symbol is ck = ukZ where Z
is a common generator code matrix, which is the same for
all the users. The codeword symbols are then mapped, for
example, to BPSK symbols and the mapping function µ is
deﬁned element-wise as µ(0) = −1, µ(1) = 1. Hence, the
codeword symbol of a generic bit position p transmitted by
a generic user k is given by xk,p = µ(ck,p) ∈ {−1, 1}. The
choice of modulation does not change the principles of the
following analysis. Assuming that in a single slot K users
collide, with K ≤ m, the received signal can be written as:
y =
K�
k=1
hkxk + w (1)
where w is the channel noise (AWGN) with w ∼ N (0, 1).
Fig. 3 shows the K-user multiple-access channel as described
above.
III. EXTENDED IRSA
The IRSA protocol efﬁciently works when a large frame size
is considered and the number of active users is lower than the
number of slots in the MAC frame, i.e., the logical system
trafﬁc load G < 1. In these conditions, the probability to have
a loop in the corresponding graph representation is reduced.
Loop is a speciﬁc combination of collisions that interrupts
the iterative IC process. For instance, there is a loop when a
couple of packets are transmitted in the same couple of slots
(see Fig.4). Furthermore, the assumption on very large frame
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Fig. 3. K-user multiple-access channel with block fading. All users apply the
same channel code.
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Fig. 4. An example of loop in the IRSA MAC frame graph representation
between two user nodes and two slot nodes.
size requires a more complex receiver, introduces delay and,
as a consequence, it could not be reasonable in a practical
context.
Extended IRSA (E-IRSA) aims to provide an efﬁcient colli-
sion resolution scheme by decoding multiple colliding packets
per slot, by supporting logical system trafﬁc load G ≥ 1, and
by offering optimal performance in terms of throughput, even
for small MAC frame sizes. Furthermore, our work provides a
complete and concrete analysis in a realistic context, such as
applications for M2M scenarios. We extend the IRSA protocol
presented in [4] by considering the physical layer decoding
combined with intra-slot and inter-slot IC processes. More
speciﬁcally, E-IRSA works as follows. Each user transmits, in
randomly selected slots, a number of replica packets depending
on a common probability mass function. The receiver stores
the received signal of the entire frame and attempts to resolve
collisions by performing a physical-layer decoding. In order
to maintain low both delays and receiver complexity we
considered the simplest and most ordinary decoding approach
for extracting information from colliding packets. A detailed
description of the adopted decoding method can be found in [6,
Section III.C]. This approach separately decodes each packet
belonging to y (i.e., the overall signal formed by colliding
packets within a single slot), considering all other packets as
interference. It exploits the channel state information (CSI) of
all the users and the known transmit alphabet, i.e., the BPSK
constellation. The decoding process is carried out putting in
a soft-input decoder, (such as a Viterbi, a turbo, or an LDPC
decoder) the log-likelihood value (L-value) of the generic user
k and the generic bit position p,
Lk,p � ln
P [ck,p = 1 | yp]
P [ck,p = 0 | yp] = ln
P [xk,p = 1 | yp]
P [xk,p = −1 | yp] . (2)
For each slot by starting sequentially from the ﬁrst to the
last one, the receiver tries to recover as many user packets
as possible, based on the received signal y = [y1, y2, ..., yCL ]
exploiting capture effect, i.e., starting to decode from the col-
liding packet having the strongest signal in the slot. Whenever
a packet u�k is successfully decoded, the receiver can obtain
the corresponding codeword c�k and the symbol sequence x�k.
Hence, it performs the intra-slot SIC, subtracting the cor-
responding interference contribution h�kx�k from the received
signal y, according to
y =
K�
k=1
hkxk + w− h�kx�k. (3)
Then, as well as IRSA, the receiver performs the inter-
slot SIC by extracting the packet header, which contains the
pointers to the slots where the replicas of the decoded packet
have been transmitted, and by subtracting the interference
contributions caused by the replicas, from the received signals
of the corresponding slots. The IC process can be represented
through a message-passing along the edges of the graph.
All the details on SIC operation are described in [3], [4].
This procedure is iterated until the decoding process of all
remaining packets of the current slot fails. When a failure
occurs, E-IRSA procedure focuses to the next slot. At the end
of the frame, if there are still undecoded packets, the whole E-
IRSA procedure is repeated one more time. E-IRSA procedure
can be executed only under the following conditions:
• packets have a pointer to their l − 1 respective replicas.
The overhead due to the inclusion of pointers in the
packet header may be reduced by adopting the efﬁcient
techniques described in [4];
• the receiver is able to get a good estimation of the channel
state information. Under this assumption the interference
cancellation and the estimation of the channel parameters
necessary to perform it are ideal, i.e., the receiver will es-
timate, as for a conventional one, the fading coefﬁcient of
every user in every slot. These assumptions simplify the
analysis without substantially affecting the performance,
as shown in [3],[4].
It is worth noticing that, differently to IRSA, E-IRSA is
scalable since the presence of loops in the MAC frame graph
representation does not interrupt the iterative IC process. Every
loop can be resolved by performing intra-slot SIC after a
successful packet decoding. In the future, we will analyze the
convergence properties of the proposed IC process.
Differently to [7], we did not introduce an additional
physical decoding step in order to minimize the user device
operations with a consequence reduction of the user-side
power consumption, delay and hardware complexity.
Differently to [5], which considers multiuser detection tech-
niques to jointly decode colliding packets with a ﬁxed joint
capability, we adopt the simplest decoding approach and the
number of decoded packets per slot may vary slot by slot
according to the instantaneous channel quality conditions and
the expected SNR value.
IV. SIMULATION RESULTS
A numerical evaluation is conducted by using MATLAB R�,
to assess the effectiveness of the proposed E-IRSA. In order
to make the simulative scenario as realistic as possible, our
simulator includes: (i) all the user-side steps from the setting
of the replica repetition rate to the packet generation, (ii) the
generation of the pointers to the replicas, (iii) a complete
symbol-level implementation of the signal received by the co-
ordinator, (iv) the soft-input decoder/encoder, (v) the channel
model and (vi) the successive interference cancellation by
exploiting the pointers of the decoded packet.
A. Scenario
We implemented the channel model as block fading with ad-
ditive noise. The fading coefﬁcients, which follow a Rayleigh
distribution, are constant during one slot but independent for
each user and each slot. For all simulations, we use an LDPC
code from the standard [10] with code rate R = 1/2, word
length CL = 576 bits, and message length RCL = 288 bits,
i.e., the packet payload size including the pointers to the other
replicas. The ﬁxed packet size for all users has been chosen
just for ease of implementation. However, a variable packet
size does not affect the algorithm operation. Altough the E-
IRSA application is not restricted to M2M networks, it appears
to be the most natural application of this scheme. For these
reasons, we have taken in account a realistic packet payload
size for a possible M2M scenario, e.g. smart metering.
The probability mass function, which sets the replica repe-
tition rate of each user, is ﬁxed to 0.5x2 + 0.28x3 + 0.22x8.
According to [4], this is the optimal degree distribution, for a
maximum repetition rate equal to 8, that maximizes the system
load threshold G∗, allowing transmission with vanishing error
probability (PL → 0) for any offered trafﬁc up to G∗,
which represents the channel capacity. Finally, each simulation
run has been repeated several times to get 95% conﬁdence
intervals.
Table I lists the main simulation parameters related to the
considered scenario.
B. Performance Evaluation
For the sake of completeness, in all the proposed numerical
evaluation the performance IRSA approach are taken into
account.
The ﬁrst set of simulations we assume a ﬁxed MAC frame
size n = 20, and a variable number of users m transmitting
within the MAC frame in order to have values of system trafﬁc
load G ∈ [0, 2]. In Fig. 5, the throughput is shown by varying
the system trafﬁc load and for different SNR values: 10, 20,
30 and 40 dB, respectively.
TABLE I
SIMULATION PARAMETERS
Parameter Value
MAC frame length n 10, 20, 100, 1000 slots, variable
SNR [dB] 10, 20, 30, 40, variable
Number of users m 80, 100, 120, 150, variable
Codeword length CL [bit] 576
Code Rate R 1/2
Message length RCL [bit] 288
Modulation BPSK
Symbol level decoder LDPC
Fading Rayleigh Block fading
Probability mass function 0.5x2 + 0.28x3 + 0.22x8
Maximum Repetition Rate 8
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Fig. 5. The relation throughput vs system load for IRSA and E-IRSA with
MAC frame size n = 20 and degree distribution 0.5x2 + 0.28x3 + 0.22x8.
Various SNR values.
The relation throughput versus system load provided by E-
IRSA, for higher SNRs is linear, i.e., every packet is decoded,
hence, the whole trafﬁc turns into throughput. In these cases,
the throughput is the maximum theoretical achievable through-
put, according to the expression T = G(1− PL).
In E-IRSA, the capability of the receiver to decode more
than one packet per slot allows to manage systems with trafﬁc
loads G ≥ 1, i.e., systems where the number of users is higher
than the number of slots. This result is proved by the threshold
effect occurring for G � 1.5, even for lower SNR value such
as 10 dB. Indeed, the throughput increases linearly up to the
threshold then it degrades due to the threshold effect related to
the iterative interference cancellation process. Similar behavior
is obtained increasing the MAC frame size to n = 100, as
shown in Fig. 6.
By increasing the MAC frame length, the iterative IC
process provides the best performance for n → ∞. Indeed,
in Fig. 7, for a MAC frame size n = 1000, IRSA scheme
provides an improved throughput T � 0.8 when G � 0.8 and
for an SNR value at least equal to 20 dB. E-IRSA scheme
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Fig. 6. The relation throughput vs system load for IRSA and E-IRSA with
MAC frame size n = 100 and degree distribution 0.5x2+0.28x3+0.22x8.
Various SNR values.
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Fig. 7. The relation throughput vs system load for IRSA and E-IRSA with
MAC frame size n = 1000 and degree distribution 0.5x2+0.28x3+0.22x8.
Various SNR values.
still provides the maximum achievable throughput as in the
previous scenario. This concept is emphasized in Fig. 9.
The second set of simulations assumes a ﬁxed MAC frame
size n = 100 and evaluates the throughput by varying the
number of active users m (80, 100, 120, 150 users) and for
different values of SNR ∈ [10, 40]. The results shown in
Fig. 8, highlight the opposite throughput behavior between
E-IRSA and IRSA when G increases. Indeed, when the
number of active users per frame increases, the achievable
throughput increases for E-IRSA approach, but decreases for
IRSA scheme. For instance, when G = 1, i.e., m = 100, E-
IRSA scheme provides a throughput T = 1 and IRSA scheme
provides a throughput value no greater than 0.2, while for
G = 1.5, E-IRSA and IRSA scheme provide a throughput
value equal to T � 1.5 and T � 0, respectively. This behavior
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Fig. 8. The relation throughput vs SNR for IRSA and E-IRSA with MAC
frame size n = 100 and degree distribution 0.5x2+0.28x3+0.22x8. Various
system load values.
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occurs when the maximum system trafﬁc load supportable by
IRSA scheme is exceeded.
The last set of simulations assumes a ﬁxed G value equal to
0.8 and evaluates the throughput by varying the MAC frame
size (from 10 to 1000 slots) and the SNR values (10, 20, 30,
40 dB). Fig. 9 further demonstrates that E-IRSA performance
does not depend on the MAC frame size, while IRSA scheme
provides the maximum throughput when n→∞.
V. CONCLUSIONS
The E-IRSA protocols has been presented in this paper as
an extension of IRSA. By considering physical-layer decoding
in combination with intra-slot and inter-slot successive inter-
ference cancellation, it is possible to decode multiple colliding
packets in a given slot, thus boosting the performance of the
wireless network. The results presented in this paper show
that the traditional deﬁnition of throughput can reach values
higher than one due to the capability of the receiver to decode
more than one data packet per slot. For this reason, we have
adopted the average number of successful packet transmission
per slot as key performance metric, showing how E-IRSA can
reach the maximum theoretical achievable throughput, i.e., the
whole trafﬁc load turns into throughput, even if the system
trafﬁc load G ≥ 1, and independently of the MAC frame
lengths and the number of contending devices. In addition,
the gain in throughput leads to fewer retransmissions therefore
the proposed scheme also promises improvements on device
energy consumption and average delay of communications at
the network level. Future work will aim at further exploring
the performance of E-IRSA in terms of delay and average
energy consumed by the users, separately, following the same
methodology used in [11] with respect to Framed Slotted
ALOHA with SIC.
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